We present new optical circular polarization measurements with typical uncertainties < 0.1% for a sample of 21 quasars. All but two objects have null circular polarization. We use this result to constrain the polarization due to photon-pseudoscalar mixing along the line of sight. We detect significant (> 3σ) circular polarization in two blazars with high linear polarization and discuss the implications of this result for quasar physics. In particular, the recorded polarization degrees may be indicative of magnetic fields as strong as 1 kG or a significant contribution of inverse Compton scattering to the optical continuum.
Introduction
To interpret the large-scale alignments of quasar optical polarization vectors observed at redshifts z ∼ 1 (Hutsemékers 1998; Hutsemékers and Lamy 2001; Hutsemékers et al. 2005 ) polarization induced by photon-pseudoscalar mixing along the line of sight has been invoked (Hutsemékers 1998; Jain et al. 2002) . Photon-pseudoscalar mixing generates dichroism and birefringence, the latter transforming linear polarization into circular polarization and vice-versa along the line of sight. If photonpseudoscalar mixing produces the linear polarization needed to explain the observed alignments, a comparable amount of circular polarization would be expected (Raffelt and Stodolsky 1988; Jain et al. 2002; Das et al. 2005; Gnedin et al. 2007; Hutsemékers et al. 2008; Payez et al. 2008) . Hence, we present accurate circular polarization measurements for a sample of quasars whose polarization vectors are coherently oriented.
The optical circular polarization of quasars has rarely been measured. Our new observations, data reduction, and a compilation of published measurements are presented in Sect. 2. Implications for the photon-pseudoscalar mixing mechanism are discussed in Sect. 3.1. The detection of significant circular polarization in two objects and its consequence for quasar physics are presented in Sect. 3.2.
Observations and data reduction
The observations were carried out on April 18-20, 2007 at the European Southern Observatory (ESO, La Silla) using the 3.6m telescope equipped with the ESO Faint Object Spectrograph and Camera EFOSC2. Circular polarization was measured using a super-achromatic quarter-wave (λ/4) retarder plate (QWP), which transforms the circular polarization into linear polariza-⋆ Based on observations made with ESO Telescopes at the La Silla Observatory (Chile). ESO program ID: 79.A-0625(B) ⋆⋆ Maître de Recherches au F.R.S.-FNRS tion, and a Wollaston prism, which splits the linearly polarized beam into two orthogonally polarized images of the object (Saviane et al. 2007 ). The CCD was used in unbinned mode, which corresponds to a scale of 0.157 ′′ /pixel on the sky. All measurements were performed through a Bessel V filter (V#641; central wavelength: 5476 Å; FWHM: 1132 Å).
At least one pair of exposures with the QWP rotated to the angles −45
• and +45
• was secured for each target. Frames were dark-subtracted and flat-fielded. The circular polarization p circ , i.e., the normalized Stokes V/I parameter, was extracted from each pair of frames using a procedure used to measure the normalized Stokes Q/I and U/I parameters and described in Lamy and Hutsemékers (1999) and Sluse et al. (2005) . Errors were estimated from the photon noise. Seeing was typically around 1 ′′ . Owing to the variable atmospheric extinction (thin to thick cirrus), some exposures had to be repeated to reach a sufficient signal-to-noise ratio.
The performances of the instrument were checked during our run and during the setup night (April 17) using an unpolarized standard star and a star with high and slowly variable circular polarization, LP 790−20 (West 1989; Jordan and Friedrich 2002) . The results, discussed in Saviane et al. (2007) , demonstrated the quality of the instrumental setup. LP 790−20 was also used to fix the sign of the circular polarization, i.e., p circ > 0 when the electric vector rotates counter-clockwise as seen by an observer facing the object.
To evaluate the cross-talk between linear and circular polarization, we measured the circular polarization of linearly polarized stars. These observations were repeated several times during our observing run. Hilt 652 was observed during the setup night. The results are given in Table 1 together with the published linear polarization (i.e. the polarization degree p lin and the polarization position angle θ lin ). Uncertainties are smaller than in Saviane et al. (2007) because of the availability of repeated observations. Although the objects are highly linearly polarized, we measure a null circular polarization. Combining the data of Note: All these polarization measurements were obtained in the V filter. References for linear polarization: (a) Fossati et al. 2007; Turnshek et al. 1990. Hilt 652 and Ve 6−23, which have similar polarization angles, we derive the 3σ upper limit to the circular polarization due to cross-talk in the V filter |p circ /p lin | 0.0075.
Our new measurements of quasar circular polarization are reported in Table 2 with 1σ photon-noise errors. The targets are extracted from the sample of 355 polarized quasars defined in Hutsemékers et al. (2005) , as well as their B1950 names/coordinates, their redshift z, and their linear polarization degree and angle, p lin and θ lin .
A compilation of other measurements of quasar optical circular polarization is given in Table 3 . Unless indicated otherwise, these measurements were obtained in white light, i.e., in the 3200-8800 Å or 4000-8800 Å spectral ranges, which roughly correspond to an effective wavelength of 6000 Å. When several estimates of either linear or circular polarization are available, only the value with the smallest uncertainty is considered. BL Lac objects, similar in many respects to highly polarized quasars (HPQs) (e.g., Scarpa and Falomo 1997; Fan et al. 2008) , are included. Both BL Lac and HPQs belong to the blazar sub-group of active galactic nuclei (AGN). For BL Lac objects, the polarization is often strongly variable. We then adopt the circular polarization with the smallest uncertainty and, when quasisimultaneous observations are available, the value of the linear polarization obtained as close as possible in time. Otherwise we select a representative value of the linear polarization from the survey of Impey and Tapia (1990) .
Discussion
The measurements reported in Tables 2 and 3 show that all quasars and BL Lac objects have null circular polarization (< 3 σ) except two HPQs, 1256−229 and 2155−152, and one highly polarized BL Lac object, 0219+428.
We first discuss the constraints provided by the majority of null detections on the photon-pseudoscalar mixing mechanism, and then the consequences of the three detections for blazar physics.
Constraints on photon-pseudoscalar mixing
Quasars with right ascension between 11 h 20 m and 14 h 30 m belong to the region of alignment A1 defined in Hutsemékers (1998) . In this region of the sky, quasars with 1 < z < 2.3 have their polarization angle preferentially in the range [146
• ), while quasars with 0 < z < 1 have their polarization angle preferentially in the range [30
• -120
• ]. Assuming that the quasar intrinsic polarization vectors are randomly oriented, the addition of a small systematic linear polarization ∆p lin ≃ 0.5% at a fixed position angle can account for the observed alignments ; Appendix A). If photon-pseudoscalar mixing is responsible for this extra linear polarization, one expects, on average, that |p circ | ≃ ∆p lin ≃ 0.5% (Appendix B). Because the light from most quasars is intrinsically linearly polarized to some extent and not circularly polarized, limits on any additional polarization from interactions along the line of sight cannot be derived from the measurement of the linear polarization degree, while, on the other hand, useful constraints can be derived from the measurement of circular polarization. Most of the thirteen quasars with z > 1 located in region A1 were found to have |p circ | 0.25% (3σ upper limit), which is definitely smaller than the expected value. Averaging over the thirteen objects, we infer that |p circ | = 0.035 ± 0.016% after neglecting the sign, from which a stringent 3σ upper limit on the circular polarization of |p circ | ≤ 0.05% can be derived. This limit is one order of magnitude smaller than the expected value |p circ | ≃ 0.5%. A similar result is obtained for the nine objects at z < 1 in that region.
This result rules out the interpretation of the observed alignments in terms of photon-pseudoscalar mixing, at least in its simplest formulation. A more complex treatment of the photonpseudoscalar interaction is thus required to account for the observations (Payez et al. 2010a (Payez et al. , 2010b .
Detection of optical circular polarization and implication for blazar physics
Circular polarization is detected at the 3σ level in two HPQs: 1256−229 and 2155−152 (Table 2) . On April 21, we had the opportunity to re-measure the linear polarization of these objects in the V filter, after replacing the quarter-wave plate by the half-wave plate (HWP) (cf. Saviane et al. 2007 ). Four exposures with the HWP rotated to 0 • , 22.5
• , 45
• , and 67.5
• were secured and reduced in the standard way (e.g. Sluse et al. 2005 ). The results are reported in Table 4 , together with the circular polarization measurements from Table 2 . Although the optical linear polarization of these quasars is high, the circular polarization we measured at the same epoch is above the 3σ upper limit on the circular polarization generated by the instrumental cross-talk (Sect. 2).
In Table 4 , we also summarize the main polarization properties of these objects, including measurements at radio wavelengths. For completeness, we include the BL Lac object for which circular polarization was found to be significant after averaging the UBVRI measurements (Table 3) . As far as we know, these are the only 3σ detections of optical circular polarization in quasars, in addition to those reported by Wagner and Mannheim (2001) for 3C279 1 (= 1253−055). Although variable (as commonly seen in HPQs), the optical linear polarization is high in all three objects suggesting that a relation exists between linear and circular polarization.
Radio circular polarization has been detected in a small number of blazars with typical values of a few tenths of a percent (Weiler and de Pater 1983; Rayner et al. 2000; Homan et al. 2001; Homan and Lister 2006; Vistrishchak et al. 2008) . Although the origin of the radio circular polarization is not yet understood, two main mechanisms of production have been proposed: intrinsic circular polarization of the relativistically beamed synchrotron radiation (which also produces the radio linear polarization) and Faraday conversion of linear to circular polarization (e.g. Wardle and Homan 2003) . Since beamed synchrotron radiation can also explain the high optical linear polarization observed in HPQs and contribute significantly to the optical continuum (Impey and Tapia 1990; Wills et al. 1992 ), a similar origin to both the optical and the radio circular polarizations appears likely although they most probably arise from different regions. Since Faraday conversion is inefficient at visible wavelengths, the detected optical circular polarization should be caused by synchrotron emission. Since intrinsic circular polarization is not produced in a positron-electron plasma, this mechanism requires the predominance of a proton-electron plasma, as already suggested by circular polarization measurements obtained at millimeter wavelengths (Agudo et al. 2010) . Furthermore, if circular polarization is intrinsic, a correlation between the linear and the circular polarization degrees is expected, the high recorded values indicating a rather homogeneous magnetic field whose strength should be of the order of 1 kG (e.g. Valtaoja et al. 1993 ). This is much higher than usually assumed in quasar jets, and can only occur in small regions close to the quasar core (Wardle and Homan 2003; Silant'ev et al. 2009; Piotrovich et al. 2010 ). On the other hand, the optical continuum could predominantly arise from inverse Compton scattering of radio synchrotron radiation, a mechanism that preserves the circular polarization (Sciama and Rees 1967) . This would require a significant circular polarization at radio wavelengths, which is apparently not observed (Table 4) . Given the uncertainties and the non-simultaneous observations, no firm conclusion can be derived. Unveiling the origin of the optical circular polarization -even a few tenths of a percent-thus appears challenging (see also Rieger and Mannheim 2005) . A clearer understanding would require simultaneous observations at radio and optical wavelengths.
Conclusions
We have reported new accurate measurements of optical circular polarization in the V filter for a sample of 21 quasars. For most objects, the uncertainties are smaller than 0.1%, and smaller than 0.05% for six of them. All objects have null polarization within the uncertainties except two highly linearly polarized blazars. This has allowed us to constrain the polarization caused by photon-pseudoscalar mixing along the line of sight, ruling out the interpretation of the observed alignments of quasar polarization vectors in terms of photon-pseudoscalar mixing, at least in the framework of a simple formulation.
We also found small but significant optical circular polarization in two blazars, providing clues about the strength of the magnetic fields, the nature of the jets and/or the dominant emission mechanism. Our observations demonstrate that optical circular polarization is routinely measurable with present day highaccuracy polarimeters. 
